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Abstract

Water scarcityproblemhas become amajor constraint irenergy developmentn
this paperwe calculated virtual water flows and virtual water scarcity risk transfers
driven by interprovincial energy consumptiorin China by using multi-regional
input-output analysis The resultsof virtual water scarcity riskransfersshow that
major virtual water scarcity riskimporters wil EH WKH 3YLFWLPV"™ VXIIHUL
consequences of incigag virtual water scarcity risks in national energy systeon
major virtual water scarcity rislexporters they will transfervirtual water scarcity
risksto downstreanprovinces alongenergysupply chais, threaeningthe stability of
national energgystem The promotion of energy polesand the energy consumption
of developed regions make the wadeficient northwest regi@export a large
amount of water resources to the east and south redibasefore, it is necessary to
fully consider local water scarcity and evaluate the impact on water environment
before construction of energy basesir@indingscan be usedo provide reference
value forpolicymakersto develop newenergy strategieand managewater resources
sustainably

Keywords: virtual water scarcity risk; water footprint; energy consumption;

multi-regional inputoutput analysis

1. Introduction

Wateris an indispensable resource for momic and social developméhbee, et al.,
2019, Distefano and Kelly, 2017\Vith the economic development and population
growth, the watedemands increasing day by dawhile the shortage of fresh water
and water pollution problems are getting woMéatershortage will be an important
challenge for all countries around the world in the fuiDigtefano and Kelly, 2017)
Due to highspeed growth of its economyand population, China is facing a



particularly serious water shortage prob(€ai, et al., 2017, Fan, et £019).

To addressthe uneven distribution of water resources, addition to build
large scalephysical water tnasferproject¢Zhao, et al., 2015, Sun, et al., 201t8re
is anothersolution which isvirtual waterflows. The concept of virtual water refers to
the total amount of water resourcegeded inthe process ofproduction and
consumption oproducs or servicg(Liu and Yang, 2012)The process of transferring
goods through interregional trade is also the process of virtual water flowing between
different regions along the supply chain, namely virtwater flows(Zhang and
Anadon, 2014)By using virtual waterflows, local water resources can be protected
through importing waterintensive products or services rather than producing it
locally(Chen, et al., 2018)

But existingstudies éund that the virtual watetransferdid not play animportant
role in virtual water import regionsOn the contrary iexacerbaté water shortage
problemsin virtual waterexport region&hao, et al., 2015, Wang, et al., 2018, Zhang,
et al., 209). Cai, et al. (2019¢alculatedvirtual waterflows in Chinafrom 2002 to
2012andfound that the direction of virtual watows was reversed\Northwestand
northeast regions became the main uwalt water exportregiors. Among the
inter-provincial virtual waterflows, the shareof agriculture, power sectgr and
chemical industes accounted for more than 83%he contradiction between the
direction of virtual water flow and the distribution of ater resources will deepen
with the rapid economic developmeiiibhe production and consumption of energy is
one of the mairdrivers causng the contradictorydirection of virtual wateflows in
China.

The energy sectors are highly dependent on water isgppkcording to World
Energy Outlook 201@EA, 2016) the waterwithdrawal of energy production and
consumption accounts for 10% of globatial waterwithdrawal whichis mainly used
for power generation and primaepergy productionWhenfadng water shortages
energy sectar will be more likely to be seriously threatengun, et al., 2018)
According to the IEA, in 201,8China'’s tatl primary energy consumption ranks the
first in the worldlEA, 2019) With the rapid development of China's economy,
China's energy demand will continue to increase in thedUEA, 2020) In order to
cope with thegrowing energy demandjovernment plagmto increase investmenn
the energy supply sidend build nine largescalel0 gigawattsoalfired power base
in Xinjiang, Inner Mongolia, Ningxia, Shanxi, Shaaf®fang, et al., 2016But these
coatrich regions are concentratgdocatedin the north and northweshecause of



water shortagethere were everal plannedoalto-liquid(CTL) plantsabandonein,
et al., 2015) The relationship between energy and watea is)\ajorand important
challengé¢Feng, et al., 2019, Tang, et al., 2018)

The existingstudieson waterconsumption®f energy sect@mainly focus on the
analysis of water consmption in thermal power plants dominated by coal
fuels(Larsen and Drews, 2019, Bravo, 2016)in, et al. (2015)used bottomup
approachto accounthe waterwithdrawal of various links in the production process
of energy sectarin China Theyfound that if the existing energy HFWRUVY SURGXFW
technologies stayed unchangedly the watemwithdrawal ofcoatfired power plants
will exceed theindustrial waterusagetargetsin water policy.Existing studies have
analyzed the waterXVDJHV RI SRZHU VHFWRUYV SUBWXFWLRQ |
different perspectives,including regional economie@.arsen and Drews, 2019)
country leve{Chini, et al., 2018)suknational region&Sun, et al., 2018)iao, et al.
(2019kccounted the water consumption of energy sector€hina’'s two major
economic belts, thding-Jin-Ji Economic Belt and the Yangtze River Delta Economic
Belt. Theyfound that the water footprint of electricity consumption accounts for the
largest proportion of all energy product$ey alsofound that the energy production
and supply of th&e two major economic belf aggravated local water shortage
problemswhich will be worsened by # growing demand fagnergy.

In the researchesf accountingwater footprint of energy secwrthere are two
main accounting methodsFirst one is the bottorup method, which refers to
calculating water consumption of eachkliin the processf productiorfLiao, et al.,
2016) The bottomup method is mainly used under theggh-resolutiondatacondition
without considering the inteegional trade linkages It cannot cover the
interconnection and heterogeneity of different regions in the economy. Another
approachis the inputoutput analysisinput-output analysiss a topdown apgoach
originally developedby Leontief (1970) It relies on the classification of national
economic sectors in the inpatitput tabé, combined with environmental factors
calculate theenvironmental impaadn all economic sector&hang and Anadon, 2014,
Dong, et al.,, 2019)Liao, et al. (2018)sedmulti-regional inpwoutput analysigo
calculate the ater consumption in thermoelectric and hydropower plants in China
They found that almoshalf of the phyial water inputs into the power sector were
virtually transferred across provincial boundaries in the form of virtual water
embodied in the electricity produced, mainly from provinces in northeast, central and
south China to those in east and north Chiifi@ng, et al. (201 ¢alculatedhe virtual



water and scarcitpdjusted virtual wateembodied in the electricity transmission
network in China They realizedthat many ongoing longdistance electricity
transmissia projects will enlarge the scale of scarce water outflows from
northwestern regions and increase their water stress.

Because of different water stresses in different regions, qaamgityof water used
in waterabundah regions does not pose the samesks to human health and
ecosystem quality athat in waterscar@ regions Compared withwater abundance
regions, water scarce regions are more likely to confront serious water scarcity
riskgLee, et al., 2019, Ridoutt, et al., 201&xisting studiesshowedthat water
scarcity has becoean important constraint facttrat cannot be ignoreid energy
developmer(Sun, et al., 2018, Zhang, et al., 2018\t there is little research on how
water scarcity affects the energy system andwhat extent Qu, et al. (2018)
guantifed the water scarcityisks (the potential economic losses caused by water
shortages)n the global trade systeandfound thatvirtual water scaray risk export
countrieswill spread potential economic losses to downstreaomtriesalong supply
chain And the geographical separation betwemuntrieswhere water shortages
occurandcountrieswheresufferthe risk ofeconomic losses is increasing.

Based on the summary ekisting researas we observeha most studies are
mainly concentrated on calculating water ustage energy production side ankletre
is a lack of research on water scargitpblemas an important limiting factor for
energy deelopment Therefore, we find thahe following three issues nestito be
further discussed: (1)In energy consumption water footptinhow energy
consumption drives the virtual water transBmnong provinces; (2) Since water
stressevary from region toregion, how to measure the impact of water scarcity on
the energy system and the difference of water scarcitys gakised by energy
consumption to different regiong3) What are the transfer paths of virtual water
scarcity risks caused by energy consumptThe answers to the above questions will
help to further reveal how theater scarcityaffects local energy systemand the
transfer path of virtual water scarcityrisks Therefore this paper willuse a
multi-regional inputoutputanalysis andakethe water scarcies of differentregions
into considerationto study the inteprovincial virtual water scarcity risk transfer
caused by energy consumptionChina

2. Methods and data

In the inputoutput analysis, there are two mdmmeworls for cdculating water
footprint: one is thewater embodied in trad§WET) formed by referring to the



pmissions embodied in bilateral trad€] (EEBT); another is the multi-regional
inputoutput (MRIO) analysis. The two calculation methods mainly differ in the
allocationtreatmentof the intermediate usen MRIO tablgPeters, 2008)in WET,
theintermediate usearecombined andeallocated to final demafhao, et al., 2015,
Cai, et al., 2019)In MRIO, the interregional intermediate usand final demandare
separatedConsequentlyit canbe usedio trackthe wholeflows of environmental
effect factor in economy supply chain, where the flows are driven by final
consumptionThe MRIOframeworkis in line with the objectives of thigaperandis
introduced hereafter

2.1 Multi -regional input-output (MRIO) model

In MRIO model, be basic balance thattotal output is equal to total immediate
usesplus final demand. It is assumed that there areegions and each regidras J
sectors.

a a a
BLD T J[WET YT (D)
P@b Y@ P@b

Where TS represents the totautput of sector Ein region N Lgaerepresents the

total final demand of regionOprovided by sectorEin region N %a\?is direct

requirement coefficient, which represents the input from sectd€in region N
directly required to produce unitary output of sectéin region Qwhich can be
calculated as follows:

T
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Where \B-%erepresents thpurchases of goods or servicessector Fin region O

provided by sectorEin region N T represents the total output of sectin

region O
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Then equatioril) can be expressed in matrix form as follows
c L H+FE #7500, 4)



Where :J H |; H £olumn vector : represents the total output of an economy;
:J H 1; H scolumn vector ; represents the total final demand of products;
:JHI; H:JH lmatrix :+ F #?2 is the Leontief reverse matrix.

When considering water intensity, the water footprint can be expressed as

9( L9 @R+F #:;°51; (5)

Where 9 represents the water intensity for unitary output of each sector, it can be

calculated as follows:

SS L% (6)

where F{j represents the volume of wateithdrawal insector Ein region N

In the calculation of this paper, the range of regiNirs 30 provinces in China, the
range of sectoiEis the four energy sectors in tMRIO table Coal mining (No. 2),
Petroleumand gas No. 3), Petroleumrefining, coking, etc.(No. 11), Electricity and
hot watemproduction and suppl§No. 22).

2.2 Water scarcity risk model

In orderto measure the impact of water scarcity on energy systerniss papemwe
calculate andavaluatethe virtual water scarcity riskof China's energy systefrom
energy consumption perspectivihis is doneby referring tothe water scarcity risk
model of Qu, et al. (2018)where water scarcity risk refers to the potential risk of
lossesto regional economic outpdue to worseimg water scarcityproblens.

The water scarcity risk model aims to measure when the wasecity problem
worsensbhy one percentag&hatamount ofwater supplyin the regionswill decrease
due to water shortagend to what extent it wikausethe loss of economic output of
energy sectord he Water scarcityisk modelconsists otwo parts: Water Deprivation
Risk (WDR) and Water Dependgn@/\/D).

2.2.1Water Deprivation Risk (WDR)

Water deprivation risk is used to measthie deprivedpart” of the water supply
used in the energy sectocausedby water scarcityWater stress index (WSI) is
widely used to assess the water seessregiors. It refers to the ratio of themount
of water consumption to the totamountof water available in a regiomue to the
guantity of availablewaterin various regions ivaried differenty, each regiorhas
different WSis. It will be lack of comprehensiveness only usM§I to evaluate the
water scarcity of different regiongor regionswith high WSk, when water supply
decreasedheregiors | H F R @iR Rot necessarilypbe affectedEvenif the regiony Vv
WSl is close to lor greater than 1, in order to meet thater usagelemand,the
regiors could continue to extract and use the limiledal water resource In the case



of not consideng the environmental impacthey could even"squeeze'the scarce
water resource Therefore, only from the perspective oS, it is impossible to
compare the impact of th@orseningwater scarcityon energy sectsrin different
regions.

In order to make regions with differetSls comparableWSI is transformed into
water deprivation riskWDR) by a probability function. WDR can quantify the
amountof water supply reduction due to water scarcity in regidie ratio of total
volume ofavailable water resours¢o thevolume ofwater consumption in regiorN
is regarded as a random variabi  assuming that the random variabié* follows
a lognormal distributionthe expected value is the ratio of tot@alume ofavailable
water resource to the volume of water consumption in regiom\ namely the
reciprocal of theWsl in region N If random variable: & R s the water supply of
region Ncan meet thelocal water demand:;If random variable: @ O 5 then the
percentage of watefeprivationin region Nis :s F : (Qu, et al., 2018)
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Where 9 & 42 represents the water deprivation risk refjion N which is in the
interval > &? B,., =95 48, is a function based on probability to estima®es. 42
parameterVis used to adjust and limit the heterogeneity in different regichs;#
representghe ratio ofvolume of water consumption tootal volume ofavailable
water resourcesn region N By analyzing and adjusting the value of parameter
sensitivity analysis results were obtainextdn as i§. Al), the reults of \£1 is
selected to be the final resulf@ avoid the lowWSI resulting in high water scarcity
risk due to higher economic output, wheéh5 £ O r & wwe set 9 & 42 L .

2.2.2Water Dependency (WD)

The water dependency measuresgbeentialrisks of VHFWRUVY RXWSXW ORVVH
water supply is reduced. Water énsity (WI) refers to the volume of water
FRQVXPSWLRQ RI VHFVD&Ud the Xifdrant DvdtestRe3sddis eadh
province and different water interistin eachsector it is necessary tvansformthe
different values of each regioffV L @Gthiedh water scarcity risk modéb
dimensionless valuedn order to measure the dependencydiferent sectors on
water supplyWiI is transformed into the water dependgifWD) by usinga logistic



function B ., anda critical value U If sector] WD equal to the maximum value 1,

in this casejt meanswater usage in this sector is completely irreplaceable and its
output must be reduced in proportion to the water suggayction The calculation
formula of water dependencs as followgQu, et al., 2018)

S
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Where 9&5‘ represents the water dependeraf energy sector Ein region N

9&5 L By, 9+Hal; L

9)

which is in the interval > &; parameter Uis used as a critical value to control the
saturation value oWl when WD is rapidly approaching 1According to the
sensitivity analysis obtained by adjusting the value of parambltéseen as i§. A2),
the results of U L r &vis selected to be the finadsults.

After obtainingthe WDR andWD, combiredwith energy V H F WeRdhvdrk output,
which is the output without considering the impact of water scatbigycalculation
formula oflocal water scarcity risk can be obtained as foll(@us, et al., 2018)

9543 L 9& 4 HI&KSHT (10)

Where .954{”‘-J represents the local water scarcity risk of seckin region N

9 & 4% represents the water deprivation riskrefjion N measuring theportion of
reduction inwater supply as a result @forsenng water scarcity 9 &S represents
the water dependenpmf energysector Ein region N measuring the percentage of
output losesdue to one percentage reduction of water suppbniergysector Eof
region N T‘lj represents theenchmark output acnergysector Ein region N

Under the close connection of ir@movincial energy tradg in Ching it is not
comprehensive enough to considaty the drectlocal economic damage caused by
water shortagein a certain region.Therefore, the water scarcity risk model is
combined withMRIO model The energy trade flows oéll provinces in China are
taken into considerationThis will help to analyze thevirtual water scarcity risk
transfes caused bynergyconsumptiorin the whole economy and to identify the key
regions in thevirtual water scarcity risk transfer networBy combiningdirect water
scarcity risls with Leontief inverse matrix, the virtual water scarcity siskiven by
energyconsumption can be obtainékhe calculation formula of virtual water scarcity
risks is as follows.

.954 )

954L @E=G—; | :+F #;°°|; (12)
Y
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8954 &L 1 9547 (13
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Where 954 represents the virtual water scarcity risks caused by energy

consumption 8954J§érepresentsthe virtual water scarcity riskimported by

region Ofrom energysector Ein region N unit CNY; 89 545%"%epresentsthe

virtual water scarcity riskexported byenergysector Ein region Oto region Nunit
CNY.
2.3 Datasources and treatment
In this paperthe datais mainly divided into two categories: one is China
multi-regional inputoutput table(abbreviated as China MRIO tablghe other is
water usage dat&inceNationalBureau ofStatistics releases theéhina inputoutput
table every 5 yeayshe latestChinaMRIO tablewhich can be obtained is year 2012.
In this study the 2012 China MRIO table was adopted fkéimet al. (2017) which
covers30 provincial areas and 30 sectors of each province. The 30 provincial areas
include 22 provinces4 megacities (Beijing, Tianjin, Shanghai and Chongqging) and 4
autonomous regions. All the 30 provincial areas are called provinces in this paper.
Tibet, Tawwvan, Hongkong and Macau are not included due to lack of data availability.
In order to casistentwith China MRIO table, thevaterusage data of each sector
in differentprovince is collected and processed as follows.

a) The agriculture water withdraal data of each province is collected from
China Statistical Yearbook 2013National Bureau of Statistics of China,
2013)

b) Due to the lack of detailed sectorial breakdown water usage data for all
provinces,for industrial sectorsthe latest availabl@etailed datacan be
collected from*hina Economic Census Yearbo2B08  (National Bureau
of Statistics of China, 2010Asuming that water intensity of each industry
sector remains unchangedavater intensity of each industry sector is
calculated based on the wateithdrawal datain 2008 Because the water
withdrawal data given in th&hina Economic Census Yearbook “were
only for the industrial enterprises above the designated ,stbe water
withdrawal data foeach industrial sector sdjused according to the total
water withdrawal data of industrial iRChina Statistical Yearbook 2013
under the assumption that wapriceof industrial sectors ithesame.

c) As for construction, there is rdirectly statistical data on the watesaye



data of constructionsectorin eachprovince of Chinait is assumed that
water intensity of construction sector of each provincdghs same as
nationalaverage level. The wateisaye datafor constructionwas collected
from First National Water Census Bulletin 2018Ministry of Water

Resources, 2013)

d) For the waterusage dataf tertiary industry sectorsin the hina Water
Bulletin 2012" (Ministry of Water Resources, 2013he quantity of water
for public service includesvater usage forcongruction sectorand water
usage fottertiary industrysectors Therefore, weusel the quantity of water
for public serviceminus the constructioeectorwaterwithdrawalto obtain
tertiary industrysectorswaterwithdrawal of each provincéAssuming that
water intensies Rl HDFK SURYLQFH Y ¥ectursbte\thé Bdohe L Q G XV W L
level as the provincial average level.

Compared with agricultural and industrial sectors, water inteasit construction
and tertiary indusyr sectorsarerelatively stable. Thefore, the errorsf assumptions
are within a reasonablanitation. The quantity of water fompublic serviceof each
province was collected from*hina UrbarRural Construction Statistic Yearbook
2012" (Ministry of Housing and UrbaRural Development, ZB). The quantity of
water usage datand the quantityof total available waterof each provincewere
obtained from hina Statistical YearbooR013 " (National Bureau of Statistics of
China, 2013)The above treatment methoalsed toobtain sectorialvaterwithdrawal
of eachprovincein China refered to literatuegDong, et al., 2014, Jin, et al., 2017,
Liang, et al., 2014)

3. Results

3.1 Water footprint and virtual water flows driven by energy consumption in

China

Fig.1 shows water footpring of 30 provinces in China. Since theater usagelata
usedin this paperis water withdrawabndits quantityin power sectors much higher
than other energy sectotherefore,power sectois presented separately. The water
footprint caused by energy consumption refershitotal water consumption ia
region caused by final demand for energy, includingctimeaterusageo supply local
energy demand and dhhe indirect waterusageto supply foreign energy demand.
Among water footprird of all provincegFig.1(A)), Xinjiang has the highestater
footprint ({& xH s 1 7, followed by Shandong, Shanxi, Hunam Xinjiang { Water
footprint, more than 70% is external water footprint, the large quantity of local water



resources consumed to supply the external energy némgiang, as Chiesemajor

energy base, has rigetroleumand coal resourcespweverXinjiang is located in the

arid northwest of China where water scarcity is sevemnsequentlythe high water

footprint caused by energy consumptimraketheir water environmenteven worse

As a major coakesourcs province in China, Shanxi is an importanmeegy and

industrial baselts coal productionsuppliesthe whole country, resulting in external

water footprintof 70% of total water footprinin China's total energy consumption

water footprint the electricityand hot waterproduction and supplgectas account

for 91%. China's electricity consumption has quadrupled in the past decade, with

more than 80% supplied by thermal power planféater withdrawal varies

significantly due to the different cooling systems used in thermal power plants.
southerrand coastal areas of China, where water resources are more abundant than in
northern areas, power plants often use dpep cooling technology, which requires a

large amount of water to achieve cooling effédotFig.1(B), anong SRZHU VHFWRU TV
water footprints of all provinces Jangsu has the highest energy consumption water

footprint (sg§wH s r | 9, followed by Jiangxi, Shanghaind <XQQDQ ,Q -LDQJVXT
water footprint, 43% is external water footprint, which means more than half of water
footprint isconsumed by local energy demand, namely internal water footprint.
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Fig. 1. Energy consumptionbased water footprint for 30 Chinese provinceg$Energy sectors showed in figure(A): Coal mining (No. 2), Petroleum and gas

(No. 3), Petroleum refining, coking, etc. (No. 11). Energy sector showed in figure(B): Electricity and hot water production andpply (No. 22))



Fig. 2. Energy consumptionrbasedvirtual water flows for 30 provincesin China. Energy sectors showed ifigure(A): Coal mining (No. 2), Petroleum and
gas (Nb. 3), Petroleum refining, coking, etc. (No. 11). Energy sector showed in figure(B): Electricity and hot water production asdpply (No. 22) Meanings

for provincesabbreviations are listed inTable Al.



The national water footprint caused by energy consumptionx& yHsr | 7, of
which virtual water flovg caused by interegional energy trade account for 40%
Becausethe distribution of energy and water resources in China sigrgficant
regional differencesas a result, energy trade between provinces is closely linked
More than fouput of tenenergy consumptiebased nationakater footprintis virtual
water flows. In the ranking of S URY LviptlaH Weffer export, virtial water
expors of the provinces in north and northwe$tChinaaresignificantly higher than
thatof provincesn southerrareas

Fig.2 shows whereabouts and sources @fiergy consumptiorbased virtual water
flows in China.From fig. 2(A), Xinjiang hasthe highest virtual water export flow
volume (rayHsr | %), followed by Hebei ¢gauHsr | %) and Shanxi (rdauH
sr1 ). ;LQMLDQJYV YLUWXDO ZDWHU H[SRUWV DFFRXQW IR
among the provincethat importvirtual waterfrom Xinjiang, Shandongccounts for
the largest sharel2%y, followed by Jiangsu (12%and Zhejiang (8%).In the
provincesthat importvirtual waterfrom Shanxi, Jiangsaccounts for the largest share
(11%), followed by Hebei (10%@nd Shandong (9%).+ H E H ictfil water exports
account for 53% of its total water footprignid provincesthat importvirtual water
from Hebei, Henaraccounts for the largest shgi@%), followed by Jiangsu (8%)
Shandong (&%) andBeijing (7%) Due tothe specificcharacteristicef energy trade
structurein Ching waterscarce regions export large amountsviofual water to
regions with relatively low watestress In the interprovincial virtual water transfer
network caused byenergy consumption of three energy sectdiSoal mining,
Petroleum and gas, Petroleum refining, coking, etrjual water importprovinces
areprincipally located atoastal and southearea. Amongst virtual water imports of
all provincegFig. 2(A)), Jiangsu has the highest virtual water import fleelume
(rauHsr | %, followed by Shandong (@t Hsr | Y and Guangdong (&t H
sr 1 9. In the provinceghat exportvirtual waterto Jiangsu, Xinjiang accounts for
the largest proportiof27%), followed by Shanxi (12%&ndHebei (9%). Among the
provincesthat exportvirtual waterto Shandong, Xinjiang has the largest sh@&6),
followed by Shanxi (1%) and Hebei (12%).0f which the provincesthat export
virtual waterto Guangdong, Xinjiang has the largest sha&2) followed by Hunan
(11%) and Shanxi (100).

Fig.2(B) shows whereabouts and sources of virtual water flows of 30 provinces
caused bySRZH U VdédbRrsuniplibff Vh Chindn northern and northwesteaneas



of Ching due to shortage of water resources, power plants mostly use-ldoged
cooling or air-cooling technology compared with power plants isouthern and
coastal areasvheremostly usng open-loop cooling technology, watevithdrawalsin
north are significantly lower thanthat in southJiangsu has the highest virtual water
export quantity (r&sHsr' | 7), followed by Shanghai (@auHsr | %), Jiangxi
(rdavHsr 1 . In the provincesthat importvirtual water from Jiangsyu Henan
accounts for the largest shar&d9followed by Guangdong (8%@ndAnhui (7%).In
the provinceghat importvirtual waterfrom Jiangxi, Jiangsu (9%) accounts for the
largest proportion, followed by Guangdong (9%), Zhejiang (8&@Hunan (96). In
virtual waterexport flows, which areaused byelectricity consumptionthe Yangtze
River Deltaarearanks firstin virtual water export provincesvhereexpors virtual
watermostlyto southermprovinces.

3.2 Local water scarcity risks for Chinese provinces

Due to the differeces of water fiortage in different regions, the effect of water
extraction with the samquantity on watefrich regions and watateficient regions
will be significantly different. In order taeveal the impact of water scarcity on
energy systems in different regionistpaper conducts a quantitative analysis of this
impact, studies the impact of water scarcity on local energy systems in regions with
different water gessesas well as the transfer patbf virtual water scarcityisks
caused by energy consumption.

Fig. 3 showslocal water scarcity risks B0 provinces in ChinaXinjiang has the
highestlocal water scarcity riskfollowed by Shandong, Heband Shanxi.In the
ranking of local water scarcity risktop provincesarethe provinces with extremely
high waterstressesin ; L Q M L DcIMgter scarcity riskhe loss riskof petroleum
and gassectoraccouns for the largest proportionin 6 K D Qlptel Water scarcity risk
therisk of coal miningsectorproductionhasthe largesshare In local water sarcity
risks of all provinces, the proportion caused Blectricity and hot water production
and supply sectois much higher than that of other energy secttmsFig. 3(B),
Jiangsu has thbiggestrisk, followed by Hebeiand Xinjiang. Due tothe climate
differences, China has an arid north and a humid spptiwer plants in north mostly
use closedoop cooling, while power plants in south, especially in coastal areas,
mostly use opetoop cooling, whichexplainswhy coastalprovinces havethe highest
local water scarcity risksaused by electricitgroduction

The ratio of virtual water scarcity riskxportto the totalwater scarcity rislof each



provinceis calculatedas shown in Fig4(A). Inner Mongolia topped the list (79,
followed by Shaaxi (68%) and Shanxi (6%). Provinces with more than half
proportion of virtual water scarcityrisk exportsare concentrated in north and
northwestWhen water scarcitproblemsdeepeing, the virtual water scarcityisk in

these provinces will bexportedto other regions, posing a threat to the energy
stability of other provinced-ig.4(B) shows the proporti@of virtual water scarcity

risk importedby each province itheir totalwater scarcity riskQinghai topped the

list (100%), followed by Hainan @%) and Zhejiang (99%J.he ratio of virtual water
scarcity riskimported byQinghai to its total water scarcity risk is 100%. Since the
waterstressndexof Qinghai is less than 0.05, the water deprivation risk of Qinghai is
treated as 0. Therefore, thater scarcity risk of this region is ahportedfrom other
provinces.In China, more than threguarters of provincebave largethan 50% of
virtual water scarcity riskmports These provinces rely heavily on imports for their
energy consumptiorand their high dependence on energy supplies from other
provinces makes themmore sensitive and vulnerableto RWKHU SWB&LQFHV
scarcity problems When other provinces face serious water scarcity problems that
affect local energy system, these provincds lvear a largeamountof virtual water

scarcity risks fronthoseprovinces.



Fig. 3. Local water scarcity risks for 30 provincesin China (Energy sectors showed in figure(A): Coal mining (No. 2), Petroleum and gas ¢N3),

Petroleum refining, coking, etc. (No. 11). Energy sector showed in figure(B): Electricity and hot water production and supfdo. 22))
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3.3 Virtual water scarcity risk transfers caused by energy consumptiorin
China

In virtual water scarcity rislexporting provinces,thosewith high share otirtual
water scarcity rislexportsare mostly in north and northwest of Chindue to thé
geographical location and climatehich makes these provinces more likely to face
severewater scarcityproblems while energyresourcesare concentrately locatedin
theseprovinces, virtual water sazty risks caused by energy consumption will be
passed orio other areas as energy expoRg). 5(A) showsthe main virtual water
scarcity riskexporing province andthe destinations otheir exporting flows In the
provincesthat importing virtual wate scarcity risksfrom Xinjiang, Shandong (9%)
accounts for the largest proportion, followed bigbei (8%), Jiangsu(8%) and
Zhejiang (6%). Among the provinces wherenporting virtual water scarcity risks
from Shanxj Hebei(12%) accounts for the largest proportion, followedSiandong
(11%), Jiangsu(9%), Henan (7%) and Zhejiang (6%). And among the provinces
whereimporting virtual water scarcity risksom Jiangsu Henan (9%) accounts for
the largest proportion, followed byu@ngdong (8%), Anhui (7%@ndHunan (6%)In
order toexcludethe impact of the scale of economic outghbe virtual water scarcity
risk exports of unitary output of each provinceasculated namely thenter-regional
trade riskindex, dividing thevirtual water scarcity riskxportby the economic output.
From Fig 5(A), Jiangsu hashe highesinter-regionaltrade riskindex, followed by
Hebei, Xinjiangand Chongqing.The virtual water scarcity risks ofiése provinces
will be exported to other proveesthrough energy trathg, which will affect the
stability and security of national energy system. Therefore, themgénces play a
significantrole in the supply chain afationalenergy system.

Fig. 5(B) showsthe mgor virtual water scarcity risk imoring provinces andthe
source oftheir importing flows Theimporting source of virtual water scarcityisks
caused by power consumptiare mainly from theding-Jin-Ji region and the Yangtze
River Delta.The virtual water scarcityisks caused by cdaand oil consumptiorare
mainly from the north and northwest regior3f which provincesthat exporting
virtual water scarcity riskdo Shandong Xinjiang (45%) has the largest share,
followed by Shari (14%), Hebei (2%) and Ningxia (7%). In the province where
exporting virtual water scarcity riske Henan,Xinjiang (21%) has the largest share,
followed by Hebei (8%), Shanxi (16%) and Shardong(12%). Among the provinces

where exportingvirtual water scarcity riskso GuangdongXinjiang (25%) has the



largest share, followed hyingxia (15%), Sharxi (14%) andHebei (9%).In order to
avoid the impact ofdifferent scales of economic outputthe interregional trade
vulnerability indexis calculated by dividing the virtual water scarcity risknport by

the economic outputrom Fig. 5(B), Guangxi has the highestter-regionaltrade
vulnerability index followed by Anhui, Yunnan, Hunaand Chongging.The virtual
water scarcity risksreimportedby these provinces througimergy trathg. Due to
excessive dependenon energy imports, these provinaghighly vulnerableto the
volatility of national energy system. Whether provinces on the energy supply chain
arefacing worseningvater scarcityproblems thevirtual water scarcity riskwill be
spread through the energy supply chaith®importing province



Fig. 5. Virtual water scarcity risk exports (A) and imports (B) by major provinces. Arrow
width is set in proportion to measures ofoss Risk indices (A) arevirtual water scarcity risk
exports normalized by the total output of respectiveorovinces Vulnerability indices (B) are

virtual water scarcity risk imports normalized by the total output of respectiveprovinces.

3.4 Sensitivity analysis

By analyzing the provincial ranking w@irtual water scarcity risk exports and imports
caused by energy consumption, this paper idedtkey provinces invirtual water
scarcity risk transfer networtd China The focus of thigaperis the relative valug
and the ranking ofvirtual water scarcity risksof all provinces. The Kendall
correlation coefficienis usedto conduct a robusessstudy on the results of the
provincial ranking. The water scarcity risk models repeatedly calculat by more
than 100pairs by changng the value oftwo parameters in the water scarcity risk
model the parameterVin water deprivation riskWDR) which is limiing the
heterogeneityin different regionsand theparameterDin water dependence (WD)
which is controlling the saturation value of water intensity8y recordng the
provincial ranking results otach parameter paitand compang them with the
benchmarkcase, lie resultsof Kendall correlation coefficient arebtained(Fig. 6).
When theKendall correlationcoefficient is close to 1, it means that the provincial
ranking result remasbasically unchanged compared with thedhmark case.In
terms of provincial ranking of water scarcity kjighe robustness olfocal water

scarcity risk(LWSR) and virtual waterscarcity risk(VWSR) expors are better than



the robustnessf virtual water scarcity riskmports. When changingthe value of
parameter pay HDFK S U RMIRQaRAHWD will change accordinglyWhen
considering the ranking results of provincial watearstty risks, LWSR and VWSR

expors can contribute a greater reference value.

Fig. 6. Kendall rank correlation coefficients of rankings computed using different
parameter values with the result presented in the main text (for which\v=1 and DB=0.5). The
figures are for provincial LWSR (A), VWSR exports (B) and imports (C) respectively. Bluer

areas indicate higher correlations and robustness.

4. Discussion

In China, the primary energy resources and electricity bases are mostly located in the
north and nottwest areasln order to meet the increasing energy demand, these
waterscarce areas have to further expand the production and supply of energy,
resulting in deeply worsening local water scarcity probleRrem he results of
energy consumptichasedwater footprints, itindicates that there is a contradiction
between water demand amgater supply. This contradictionis constrained to large
extent bythe imbalance of regional economic developménibrder toaddresshis
imbalance, Chiese governmenaunched dew of national development strategies to
vigorously promote the economic development of western, central and northeastern
regions, making highly intensive industries such as chemical indestand power
sectos transferred from coastal aretsinland areagCai, et al., 2019)To meet the
growing energy demandovernment plans to buikeveralargescalepowerbases in
Xinjiang, Ningxia, Shanxj etc. and invest in constuction of inland nuclear power
plants(Qin, et al., 2015, Shang, et al., 201The implementation of these policies is
indeed conducive topromot economic development in westeprovinces and
improwve their local employment.lt has shortened the distance between coal power
bases and coalminesand greatly reduced the transportation cost of coal fueld, a

played a positive role in controlling environmental pollution in coastal aBadsit



allows a large amount of virtual water to be exported from wsti@rce northwest
regiors to southeast regisn The current water consumpti@uantity of northwest
provinceshasalreadyexceeded thavailable watequantityof ecological protection.
The continuous virtual wateexportingin waterscarceprovinces will undoubtedly
further aggraate local water scarcitfshang, et al., 2016)

In the results ofwater scarcity risksthe underdeveloped northweand northern
area have the highedbcal water scarcity risks and theghestvirtual water scarty

risk exports. Due to the consumption ofdeveloped provinces, unddeveloped
provinceswould be fixed in wate#ntensiveindustries, so thatarid provinceswill

have difficultyin maintaining harmonious development between economy and water
resource protectiorfdiang, et al., 2015, Wang, et al., 2020he management of
energy and water resources in China is carried out by two separate departments,
resulting in the incompatibility of energyoliciesand water resources policieghis
makes it impossible to manag&d coordina these two resources intedly. The
mitigation policies for one resource may increase the pressure on the other resource.
Whether energy polies shouldfocus on supphside management or demaside is
becomingthe key pointin decisioamaking procesof government and relevant
departmentgChini, et al., 2018).

The waterwithdrawal of power sector is the higheaimong all theenergy sects
the virtual water scarcityisk exportscaused by power consumptianethe highest.
The main VWSR exporting provinces are in the Yangtze River Delta ame t
HuangHuarHai region. In terms of power generation technglof thermal power
plants,the coatfired power plantdn Chinahavealreadyadopted the most advanced
world-classtechnology.ln terms of cooling technologieth)e wateirich regionshave
the tendencyo use lowefficiencytechnologiesthermal power plants can reduce the
water withdrawal by optimizing their cooling systems, such as changing -tpem
cooling to closedoop cooling, and changing closéabp cooling to air cooling.
However, different cooling technologies will havdifferent impact on power
generation efficiency. For example, although air cooling technologythedewest
waterwithdrawal it will reduce power generation efficiency and consume more coal
fuels (Liao, et al., 2016)Therefore, for arid or serarid regions, before expanding
the construction of energy bases, the immactocal water environment should be
evaluatéd with consideation of the waterscarcities The scientificand sustainable

management of water resources should be improved dlancingthe relationship



betweerenergy and watdi_ee, et al., 2019)

5. Conclusion

This paper identifiedhe major VWSRexporers and imporérs by calculatingand
mappingthe virtual water scarcity riskransfermetworkof energy system in Chin#n
theenergy consumpticbhasedVWSR transfes, the VWSR importers such adHenan
Anhui, Guangdongwill EH WKH B3YLFWLPV™ VXIIHULQJ WKH FRQVH"
virtual water scarcity risks in energy system. These provinwasly import VWSR
from Xinjiang, Shanxiand Shaanxi For the major VWSRimporters, theyshould
focus onoptimizing local energy consumption structurguch asmproving energy
efficiencyandincreasng investment in energy traii®n. By doing sathese provinces
could redue local water scarcity riskmeamwhile avoidingimporting virtual water
scarcity risls from upstreamprovinces in energy supply chaiRor major VWSR
exporters they will transfer the virtual water scarcity risknto national energy
systemand spread theisks to downstreamprovinces alongenergysupply chain,
threaening the stability of national energy supplystem Therefore, for these
provinces, it is necessary to focus on the local energy and water rel&fose
deploying energy strategic pknt is of great necessityo evaluate the impaain
water resources in the deployment aredalthough this papemusesChina as an
example to study theirtual water scarcityrisk transfersn the energy system, this
approachis also instructivdor other cowuntriesfacing the same problem and can be
applied to other developing countries, such as the MEggion.

The limitations of calculation model and data used in fmaperinclude the
following two points: firstly, because he time point ofthe results is he year
corresponding to the muitegioral input-output table, it isunlikely to capturethe
dynamic changes of inteegionaltrade flows over time when the real water scarcity
problemsoccur; secondly,because the divisiemof MRIO table arerelatively rough
and cannot cover the trade flowsamilar productswithin the sectqrtherefore,for
provinces with different water scarcitgroblems the resuk of virtual water scarcity
risks caused by similar products consumptioay varydifferenty. Future research
could use highresolutionsub-divided categories to further improve the accuracy of

water scarcityisk assessment.
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Appendix A

Fig. Al. Water stress index (WSI) and the resulting water deprivation risk (WDR) at

different value of parameter V

Fig. A2. Water intensity (WI) and the inferred water dependency of sectors in all provinces

of China. Only sectors with water intensity>0.002m & CNY are shown.

Table Al. Provinces abbreviations

Number Full name of province  Abbreviation
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Beijing BJ

Tianjin TJ
Hebei HEB
Shanxi SHANX
Inner Mongolia IM
Liaoning LN
Jilin JL
Heilongjiang HLJ
Shanghai SH
Jiangsu JS
Zhejiang ZJ
Anhui AH
Fujian FJ
Jiangxi JX
Shandong SD
Henan HEN
Hubei HUB
Hunan HUN
Guangdong GD
Guangxi GX
Hainan HAIN
Chongging CQ
Sichuan SC
Guizhou GZ
Yunnan YN
Shaanxi SHAANX
Gansu GS
Qinghai QH
Ningxia NX
Xinjiang xXJ

Table A2. Sectors classification

Number

Full name of sector
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Agriculture

Coal mining

Petroleum and gas

Metal mining

Nonmetal mining

Food processing and tobaccos
Textile

Clothing, leather, fur, etc.

Wood processing and furnishing



10 Paper making, printing, stationery, etc.

11 Petroleunrefining, coking, etc.
12 Chemical industry
13 Nonmetal products
14 Metallurgy
15 Metal products
16 General and specialist machinery
17 Transport equipment
18 Electrical equipment
19 Electronic equipment
20 Instrument and meter
21 Othermanufacturing
22 Electricity and hot water production and supg
23 Gas and water production and supply
24 Construction
25 Transport and storage
26 Wholesale and retailing
27 Hotel and restaurant
28 Leasing and commercial services
29 Scientificresearch
30 Other services
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